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ABSTRACT
We explore the role of environment in the evolution of galaxies over 0.1 < z < 0.7
using the final zCOSMOS-bright data set. Using the red fraction of galaxies as a proxy
for the quenched population, we find that the fraction of red galaxies increases with
the environmental overdensity δ and with the stellar mass M∗, consistent with pre-
vious works. As at lower redshift, the red fraction appears to be separable in mass
and environment, suggesting the action of two processes: mass ǫm(M∗) and environ-
mental ǫρ(δ) quenching. The parameters describing these appear to be essentially
the same at z ∼ 0.7 as locally. We explore the relation between red fraction, mass
and environment also for the central and satellite galaxies separately, paying close
attention to the effects of impurities in the central-satellite classification and using
carefully constructed samples well-matched in stellar mass. There is little evidence for
a dependence of the red fraction of centrals on overdensity. Satellites are consistently
redder at all overdensities, and the satellite quenching efficiency, ǫsat(δ,M∗), increases
with overdensity at 0.1 < z < 0.4. This is less marked at higher redshift, but both
are nevertheless consistent with the equivalent local measurements. At a given stel-
lar mass, the fraction of galaxies that are satellites, fsat(δ,M∗), also increases with
the overdensity. The obtained ǫρ(δ)/fsat(δ,M∗) agrees well with ǫsat(δ,M∗), demon-
strating that the environmental quenching in the overall population is consistent with
being entirely produced through the satellite quenching process at least up to z = 0.7.
However, despite the unprecedented size of our high redshift samples, the associated
statistical uncertainties are still significant and our statements should be understood
as approximations to physical reality, rather than physically exact formulae.
Key words: galaxies: evolution – galaxies: groups: general – galaxies: star formation
– galaxies: statistics – cosmology: observations
1 INTRODUCTION
Correlations between various galaxy properties and their en-
vironment have been known for many years (e.g. Hubble
1939; Oemler 1974; Davis & Geller 1976; Dressler 1980)
and have now been measured up to redshifts of about
z = 1 − 1.5 (e.g. Balogh et al. 2004; Kauffmann et al.
2004; Blanton et al. 2005; Hogg et al. 2004; Cucciati et al.
2006, 2010; Cooper et al. 2007, 2010; Kovacˇ et al. 2010b;
Chuter et al. 2011; Quadri et al. 2012). Of particular inter-
est for this paper are the processes which evidently lead to
the effective cessation, or ‘quenching’, of star-formation in
some galaxies. This process, or processes, moves galaxies out
of the star-forming Main Sequence population and produces
passive red galaxies witch have little or no continuing star
formation. We will refer to the fraction of galaxies that have
been quenched in this way, as the red fraction.
In a purely empirical approach to quantify the roles of
stellar mass and environment in the evolution of galaxies,
Peng et al. (2010) showed that at z ∼ 0 the differential ef-
fects of stellar mass and environment in the quenching of
galaxies are independent of each other, in the sense that
the red fraction, i.e. the fraction of galaxies that have been
quenched at a given stellar mass and at a given environmen-
tal overdensity, may be written as a separable function of
these two parameters. Peng et al. (2010) demonstrated that
this separability is maintained over 3 decades in the ∼ 1
⋆ Based on observations obtained at the European Southern Ob-
servatory (ESO) Very Large Telescope (VLT), Paranal, Chile, as
part of the Large Program 175.A-0839 (the zCOSMOS Spectro-
scopic Redshift Survey)
† E-mail: kovac@phys.ethz.ch
Mpc scale environmental overdensity and over 2 decades
in stellar mass at z ∼ 0 in the Sloan Digital Sky Survey
(SDSS; York et al. 2000) sample. Peng et al. (2010) argued
that this separability implied the action of two distinct pro-
cesses, one linked to stellar mass but not environment, called
‘mass quenching’ and the other linked to environment but
not mass, ‘environment quenching’.
Various physical processes have been suggested which
would operate only in dense environments (see e.g.
Boselli & Gavazzi 2006 for an extensive discussion). Among
these are strangulation, in which a part or the whole hot gas
halo is stripped and the fuel for the future star formation of
now satellite galaxy is removed (Larson, Tinsley & Caldwell
1980; Balogh, Navarro & Morris 2000; Balogh & Morris
2000). In the case of a galaxy travelling through a suffi-
ciently dense intra-cluster medium, external pressure may
remove even the cold gas in the stellar disc, a process com-
monly referred to as ram pressure stripping (Gunn & Gott
1972; Abadi et al. 1999). Both strangulation and ram pres-
sure stripping will suppress future star formation of a satel-
lite galaxy, eventually transforming galaxies from blue to red
and in the case of a spiral galaxy causing the appearance
of spiral arms to fade. Strangulation is expected to affect
star formation on the timescales of a few to more than 10
Gyr (McCarthy et al. 2008), while the ram pressure strip-
ping should quench star formation on a shorter timescale,
i.e. tens of Myr (Abadi et al. 1999; Quilis, Moore & Bower
2000), where the latter timescale does not take into ac-
count the eventual presence of a hot gaseous halo. More-
over, Rasmussen et al. (2006) have shown that the removal
of cold galactic gas can occur also in the environments with a
lower intra-medium density, such as groups, but on a greatly
c© 2013 RAS, MNRAS 000, 1–??
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increased timescale, by up to two orders of magnitude. Satel-
lites can also experience tidal stripping (e.g. Read et al.
2006), and their morphologies can be modified by the cumu-
lative effect of tidal forces due to multiple close encounters
between galaxies, so called harassment (Farouki & Shapiro
1981; Moore, Lake & Katz 1998). Mergers of galaxies are
also expected to be more frequent in dense (but not the most
dense) environments, and according to the semi-analytical
models (SAMs), the merger rate is 4-20 times higher in re-
gions with a high number overdensity of galaxies than in
regions with a ∼ 100 lower number overdensity (Jian et al.
2012).
It is clear from the list above that, from a theoretical
point of view, the majority if not all of the environmental dif-
ferences in the overall galaxy population may be caused by
the transformation of galaxies after they infall into a larger
halo, i.e. after they become a satellite. For years, such the-
oretical predictions were observationally hard to test as the
galaxy-environment studies were based on the local density
of galaxies used as an environment indicator (starting from
the seminal work of Dressler 1980) or they were based on
comparing galaxies in and out of the dense structures. Only
with the advent of the large spectroscopic surveys (such as
SDSS at z ∼ 0 (York et al. 2000) and zCOSMOS at z < 1
(Lilly et al. 2007, 2009) it has become possible to reliably
separate galaxies into centrals and satellites over a broad
range of galaxy and halo masses. In a now growing num-
ber of papers, it has been demonstrated that the obser-
vations at z ∼ 0 support the scenario in which environ-
ment specific processes indeed act on galaxies upon their
infall into a larger halo: at the same stellar mass, satel-
lite galaxies are on average redder and more concentrated
than the central galaxies (van den Bosch et al. 2008) while
late-type satellites have smaller radii, larger concentration,
lower surface brightness and redder colours than the late-
type centrals (Weinmann et al. 2009). About 40-50% of blue
galaxies at any stellar mass transform to red galaxies af-
ter being accreted into a larger halo (van den Bosch et al.
2008; Peng et al. 2012). This fraction also increases with in-
creasing overdensity and/or decreasing group-centric radius
(Peng et al. 2012; Wetzel et al. 2012).
One could also imagine that environmental effects could
also affect the properties of central galaxies, especially if the
cooling of gas onto the central galaxy is linked to the mass
of the surrounding halo (e.g. White, Jones & Forman 1997;
McDonald, Veilleux & Mushotzky 2011).
Peng et al. (2012) showed that, at z ∼ 0, satellite
quenching is sufficient to explain the bulk of the observed
environmental dependence of the red fraction in the overall
population of galaxies, at least when the local overdensity of
galaxies is used as a proxy for environment. In other words,
to first order, while all galaxies experience mass quench-
ing, only satellites experience the effects of environmental
quenching. Such statements cannot of course be exact, but
rather should be taken as good approximations to an under-
lying, no doubt complex, reality. Not least, several authors
(e.g. Woo et al. 2013) have pointed out that, at fixed stel-
lar mass, the red fraction of centrals increases with the halo
mass. This however can be explained as a residual effect of
the continued increase of dark mass, but not stellar mass,
after a galaxy has been quenched (see Lilly et al. 2013 for
details). There is also evidence (Peng et al. 2010) that the
stellar mass function of passive galaxies is modestly altered
by subsequent merging in high density environments, pro-
ducing small changes in the overall mass function of galaxies
(Bolzonella et al. 2010) and perturbing the precise separa-
bility in red fraction that might otherwise be expected.
At higher redshifts, the picture is less clearly defined,
simply because of the absence until recently of sufficiently
large samples of galaxies with quantitative environment
measures. Peng et al. (2010) suggested from an initial anal-
ysis of the first half of the zCOSMOS-bright survey that
separability was maintained to z ∼ 1 and that the differ-
ential effects of stellar mass and environment, i.e. the mass
and environmental quenching efficiencies were also more or
less constant. Analysis of the full zCOSMOS-bright group
catalogue (Knobel et al. 2012a) indicates that, to z ∼ 0.8
satellites continue to be redder than centrals of the same
mass, with the satellite quenching being, as at low red-
shift, independent of stellar mass. The mean value of the
satellite quenching efficiency ǫsat (averaged over all over-
densities) has the same value out to z ∼ 0.8 as locally, i.e.
ǫsat ∼ 0.5 (Knobel et al. 2013, see also Quadri et al. 2012;
van der Burg et al. 2013).
The aim of the current paper is to construct the
red fraction-environment relation up to z = 0.7 us-
ing the final so-called “20k” sample of the zCOSMOS-
bright galaxies and to understand its origin in terms
of the central-satellite dichotomy. In particular, we wish
to critically test, with a larger data set and with a
more sophisticated treatment of potential systematic ef-
fects, whether the relations expected from the formalism
of Peng et al. (2010, 2012) which are derived mostly in
the local SDSS sample continue to hold at these higher
redshifts. Previous studies of environmental effects in the
zCOSMOS sample addressed the dependence of colour
(Cucciati et al. 2010; Iovino et al. 2010; Knobel et al. 2013),
morphology (Tasca et al. 2009; Kovacˇ et al. 2010b), stel-
lar mass function (Bolzonella et al. 2010), X-ray detected
AGNs (Silverman et al. 2009), infrared-luminous galaxies
(Caputi et al. 2009), radio-emitting galaxies (Bardelli et al.
2010), post-starburst galaxies (Vergani et al. 2010) and close
pairs (Kampczyk et al. 2013) on environment (Kovacˇ et al.
2010a; Knobel et al. 2009, 2012a). Using only photometric
redshifts, Scoville et al. (2007b, 2013) extended the environ-
ment reconstruction in the COSMOS field up to z = 3.
The layout of the paper is as follows. We introduce the
data set and the derived products needed for the analysis in
Section 2. In Section 3, we measure the relation between the
red fraction of all galaxies and their environments, and in
Section 4 we investigate the equivalent relations obtained
when separating population of galaxies into centrals and
satellites. The comparison between different environment es-
timators and with previous results is presented in Section 5.
Final conclusions are presented in Section 6. A concordance
cosmology with Ωm = 0.25, ΩΛ = 0.75, and H0 = 70 km
s−1Mpc−1 is assumed throughout. Magnitudes are given in
the AB system. We use the term ”dex” to express the an-
tilogarithm, where 0.1 dex equals to 1.259.
c© 2013 RAS, MNRAS 000, 1–??
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2 DATA
2.1 zCOSMOS survey
zCOSMOS (Lilly et al. 2007, 2009) is a redshift survey con-
ducted in the 2 deg2 area of the large legacy HST programme
COSMOS (Scoville et al. 2007a). The observations were car-
ried out using the VIMOS spectrograph (Le Fe`vre et al.
2003) on the 8m VLT/UT3 telescope spread over 600 hrs
of service dark time. As a part of the zCOSMOS campaign,
the spectra of about 20,000 galaxies down to IAB < 22.5
were obtained over the whole COSMOS field producing a
sample in the redshift range z < 1.2 (zCOSMOS-bright). In
addition, about 10,000 targets in the inner 1 deg2 were se-
lected by a combination of the colour-colour criteria aimed
to select galaxies in 1.8 < z < 3 (zCOSMOS-deep).
In this paper we use galaxies with reliable redshifts
from the final zCOSMOS-bright catalogue, the so called
20k sample. This catalogue is obtained by removing galax-
ies with confidence classes 0,1.1-1.4,2.1,2.3, 9.1, and also the
secondary and broad-line objects with corresponding confi-
dence classes (see Lilly et al. 2007, 2009 for a description),
leaving us with 17042 objects with reliable redshifts. On av-
erage, a sampling rate of ∼ 50% is achieved (e.g. Figure 1
in Knobel et al. 2012a) with the redshift uncertainty about
100 km s−1.
2.2 Photometric redshifts and properties of
galaxies
2.2.1 Photometric redshifts
The targeted COSMOS field has a multitude of follow-
up photometric observations by a range of ground based
and spaced based facilities covering the UV-NIR range
(e.g. Capak et al. 2007), and the Spitzer IRAC bands
(Sanders et al. 2007). The large amount of multi-wavelength
data and the precision of the HST ACS data are utilised to
derive state-of-the-art photometric and structural properties
of all zCOSMOS galaxies.
Although the primary analysis is based on the spec-
troscopic sample, we use the photometric redshifts (both
the photometric redshift probability distribution function,
i.e. PDF (z), and the maximum likelihood photometric
redshift) of zCOSMOS galaxies at two points (see Sec-
tions 2.3 and 2.4). These were generated using ZEBRA+
(Oesch et al. 2010; Knobel et al. 2012a), an extension of the
ZEBRA code (Feldmann et al. 2006). The code is based
on the spectral energy distribution (SED) fitting to the
photometric data allowing both Maximum Likelihood and
Bayesian approach. The photometric redshifts which we use
are obtained from the Bayesian ZEBRA+ run based on the
Bruzual & Charlot (2003) models with the emission lines,
with the template correction module of ZEBRA based on
a randomly selected subset of zCOSMOS spectroscopic red-
shifts. The fitting is carried out on the 26 photometric bands
ranging from the CFHT u∗ to the Spitzer IRAC 4.5 µm,
where 12 of the used bands are broad, 12 bands are inter-
mediate and 2 bands are narrow. The uncertainty of the
photometric redshifts is 0.01(1 + z) with a catastrophic fail-
ure rate of 2-3%.
U−
B
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*
/Msol)
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Figure 1. Rest-frame U−B colour versus stellar mass for zCOS-
MOS galaxies in 0.1 < z < 0.4 (top) and 0.4 < z < 0.7 (bottom).
Panels are colour coded according to the numbers of galaxies cal-
culated in a sliding box ∆(U − B) = ∆ log(M∗/M⊙) = 0.2 with
a step of 0.01 in both parameters. The continuous line marks the
adopted division between the blue and red galaxies. In this work
we will refer to all galaxies above the division line as red (i.e.
quenched).
2.2.2 Stellar masses and luminosities
The same code is also utilised to derive stellar masses M∗
and luminosities of all zCOSMOS galaxies but using only
the 12 broad band filters and the Bruzual & Charlot (2003)
templates without emission lines, assuming the Chabrier
(2003) initial stellar mass function (IMF) and Calzetti et al.
(2000) dust model. During the fitting process the redshift of
a galaxy is fixed to the spectroscopic one for galaxies with
reliable spectroscopic redshifts, otherwise the maximum like-
lihood photometric redshift is used. The stellar masses which
we use are obtained by integrating the star formation rate
(SFR) and they include the mass of gas processed by stars
and returned to the interstellar medium (this is different
than in the previous results by our group based on the 10k
zCOSMOS sample). This is particularly useful when com-
paring quiescent galaxies over different redshifts, as their
masses will remain the same. On average, the total inte-
c© 2013 RAS, MNRAS 000, 1–??
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grated stellar masses are higher for about 0.2 dex than the
stellar masses with the mass return subtracted.
2.2.3 Colour and SFR bimodality
The rest-frame U − B colour versus stellar mass diagrams
of the zCOSMOS 20k galaxies in 0.1 < z < 0.4 and
0.4 < z < 0.7 are shown in Figure 1 in the top and bottom
panels, respectively. The continuous line corresponds to our
adopted division of galaxies into blue and red (consistent
with no redshift evolution in the colour division cut, mirror-
ing Knobel et al. 2013). The division is somewhat arbitrary,
as there is no clear separation between the blue and red
galaxies in our data, i.e. when plotting the colour histogram
in narrow bins of mass the minimum in the histogram does
not show a clear trend with the mass (probably also due to
the small numbers of galaxies). The division which we use
is such that the blue cloud galaxies are below this division
line and a slope of the division is similar to the slope of red
sequence galaxies.
We will use red galaxies as a proxy for the quenched
population as it is measured in a simple well-defined way
for all zCOSMOS galaxies. A weakness of such an approach,
commonly pointed out, is the presence of dust in star-
forming galaxies, which will redden galaxies and put some
of the dusty star formers into the population of the colour-
defined quenched galaxies. To understand the influence of
different selection of the quenched population, we derive the
fraction of red and non-star-forming galaxies and compare
the two as a function of stellar mass.
For this, we checked the different SFR estimators and
selected to use SFR derived from IR+UV, for galaxies de-
tected in 24 µm, and, otherwise, an SFR derived from the
SED fit. There is a good agreement between these two esti-
mators, while the [OII] based SFR show a rather large scat-
ter with the other two SFR measurements. We use the 24
µm data down to S24µm > 80 µJy obtained from the Spitzer
observations (Le Floc’h et al. 2009). The total IR luminos-
ity is obtained following Wuyts et al. (2011) and, combining
it with the UV from the SED fit, the total SFR is calculated
following Kennicutt (1998) assuming Chabrier (2003) IMF.
The SFR-stellar mass plots are shown in the lower
two panels in each part of Figure 2, where the continuous
line is used to separate star-forming and non star-forming
(quenched) galaxies, following the division by Knobel et al.
(2013). We colour-code galaxies classified to be red according
to the previously discussed colour bimodality of zCOSMOS
galaxies. As expected, some of the red galaxies lie on the
star-forming sequence. This is quantified in the top panels,
where we show the fraction of red (continuous lines) and
non star-forming (dashed lines) galaxies and the difference
in these fractions (dotted lines) as a function of stellar mass,
showing only the points where the red galaxies are complete
above 40% with respect to the fully sampled deeper, pho-
tometric data set (mass completeness will be discussed in
Section 2.3; here we do not correct the measured fractions
for the incompleteness in stellar mass). While the red frac-
tions are systematically higher than the fractions of non star-
forming galaxies (except for one point), the difference is not
a strong function of stellar mass. The difference is constant
at about 20% in 0.1 < z < 0.4, and it changes from 15-19%
in 0.4 < z < 0.7, ignoring the lowest mass bin at higher
Figure 2. Difference in selecting the quenched population of
galaxies by colour and by SFR in 0.1 < z < 0.4 (top figure) and
0.4 < z < 0.7 (bottom figure). The SFR-stellar mass relations
are shown in the bottom panels, marking in red galaxies termed
quenched according to the colour bimodality. The continuous lines
correspond to the adopted division between the star-forming and
non star-forming galaxies. The quenched fractions of galaxies fQ
are shown in the top panels, derived when separating galaxies us-
ing colour (red continuous lines) and SFR (black dashed lines).
The difference between those two fractions is shown as the blue
dotted lines. The long-dashed-dotted lines mark the zero values.
The error bars are estimated by bootstrapping (16-84% interval)
and for clarity they are shown only for the red fractions.
redshift where there is a higher fraction of non star-forming
than red galaxies, but mass incompleteness is also highest.
We suspect that the apparent weak mass dependence in
the difference between the two fractions in 0.4 < z < 0.7
is a result of the change in SFR tracer among lower mass
non star-forming galaxies, as we are complete only to about
log(SFR[M⊙yr
−1]) = 0.4 for the IR+UV measurement in
this redshift bin. The IR+UV based SFR tends to empty
c© 2013 RAS, MNRAS 000, 1–??
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the so-called green valley in colour-mass diagram and make
the fraction of non star-forming galaxies lower.
We conclude that even though there are systematic dif-
ferences in fractions of quenched galaxies when defined by
colour and by SFR, they are almost independent of stel-
lar mass, and therefore, qualitatively our conclusions should
be also applicable when separating galaxies by their SFR.
Finally, there are many other ways to define the quenched
population of galaxies (discussed extensively in the case of
zCOSMOS in Moresco et al. 2013), and one needs to take
care of these differences when comparing results reported in
the literature.
2.3 Mass completeness
To understand the mass completeness in the zCOSMOS
sample we make use of the available, much deeper, pho-
tometric data. For this purpose we use an independently
estimated catalogue with photometric redshifts, masses and
luminosities of the COSMOS galaxies down to i = 24, also
generated using the ZEBRA+ code. The completeness is cal-
culated as the fraction of zCOSMOS i < 22.5 galaxies with
reliable spectroscopic redshifts in the sample of i = 24 galax-
ies, as a function of stellar mass in the zCOSMOS sampled
area. The i = 24 sample can be assumed to be complete at
the masses of interest. We calculate it separately for the red
and blue galaxies in the two bins of consideration. By com-
paring the reliable spectroscopic sample of the zCOSMOS
galaxies to the overall i = 24 sample we take into account
the effects of any residual incompleteness stemming from the
dependence on the galaxy colour and other properties of the
ability to obtain its spectroscopic redshifts, even those are
in principle small (Figures 2 and 3 in Lilly et al. 2009 for
the 10k zCOSMOS).
Throughout this paper we use the inverse values of these
fractions wc(M∗, z, U − B) to weight galaxies in order to
correct for the colour-dependent mass incompleteness, us-
ing different weights at each mass depending on the colour
of a galaxy and its redshift. Furthermore, we only consider
masses above mass-completeness limits, taken to be the mass
where the zCOSMOS red galaxies reach 30% completeness
relative to the deeper i = 24 sample. In 0.1 < z < 0.4
this completeness limit is at log(M∗/M⊙) = 9.82 and in
0.4 < z < 0.7 it is at log(M∗/M⊙) = 10.29.
2.4 Environmental overdensity
We quantify environment by measuring the overdensity of
tracer galaxies at the position of each galaxy in 0.1 < z <
0.7, as well as a central/satellite classification (Section 2.5).
The overdensity δ is defined as
δ =
ρ− ρ¯
ρ¯
(1)
where ρ is the density of tracer galaxies in a given aperture,
and ρ¯ is the mean density at the redshift of a galaxy whose
environment is being measured. Kovacˇ et al. (2010a) discuss
in great detail the quantification of galaxy environments, fo-
cusing particularly on the optimisation of the density field
reconstruction for the zCOSMOS survey. In that paper a
new algorithm ZADE was developed to take into account
galaxies without spectroscopic redshifts. In essence, ZADE
is based on modifying the PDF(z) of galaxies not yet ob-
served spectroscopically by the number counts of galaxies
with reliable redshifts within some spherical RZADE aper-
tures along the line of sight. In this way, the precise R.A.-
dec positions of all galaxies are preserved and in a statistical
sense the mean intergalactic separation is equal to that of
the total sample of tracer galaxies, and not only of those
targeted spectroscopically. Importantly, any of the compli-
cated spatial selection function is taken automatically into
account. With the ZADE algorithm any of the standard den-
sity measures can be applied, resulting in the density field
reconstructed on a smaller scale and with less noise then
in the case of otherwise used statistical weighting for the
objects without spectroscopy.
Following Kovacˇ et al. (2010a), we use the ZADE al-
gorithm to produce modified PDF(z) of i < 22.5 galax-
ies in the zCOSMOS field which are not part of the 20k
zCOSMOS sample with reliable redshifts (described in Sec-
tion 2.1). Though with the 20k sample we have about twice
as many galaxies with reliable redshifts, than in the 10k
sample, the spectroscopic coverage increased towards the
edges of the survey area, as well as the survey’s area it-
self and we use the same RZADE = 5 h
−1Mpc as for the
density reconstruction with the 10k sample (checked on the
mock catalogues). To measure densities we use circular aper-
tures defined by the distance to the 5th nearest neighbour
projected within ±1000 km s−1 from the sample of tracer
galaxies. We use the MB < −19.3 − z set of tracer galaxies
which is luminosity complete up to z = 0.7. These are the
aperture and the tracer set used for many of the analyses
with the 10k sample and z ∼ 0 SDSS analysis by Peng et al.
(2010, 2012) and allow direct comparison with the previ-
ous results. The mean density is obtained by adding the
∆V (z)/Vmax contribution of all tracer galaxies (both with
spectroscopic and photometric redshifts) at a given redshift,
following the method outlined in Kovacˇ et al. (2010a). Ac-
cording to the tests that were carried out on the mock cat-
alogues from Kitzbichler & White (2007), the error interval
(±1σ) in such reconstructed overdensities at the positions
of galaxies is in the range −0.2 < log(1 + δ) < 0.1, with-
out systematic offset in −1 < log(1 + δ) < 0.75, while in
more dense regions the reconstructed observed overdensity
is systematically lower than the true mock value, by about
log(1 + δ) = 0.1 at log(1 + δ) ≈ 2.
2.5 Group catalogue and classification of galaxies
into centrals and satellites
The group catalogue employed in this work is recon-
structed from the 20k zCOSMOS sample as described in
Knobel et al. (2012a). The final catalogue includes 1498
groups in the redshift range 0.1 . z . 1.0, where the fraction
of galaxies in the groups decreases from 35% to 10% over the
same redshift interval. The reconstruction is based on the
flux limited sample of galaxies with reliable redshifts, utilis-
ing the friends-of-friends algorithm in the multi-run mode in-
troduced in Knobel et al. (2009), where different group find-
ing parameters are used depending on the group richness.
The optimisation of the group finding parameters is carried
out on the Kitzbichler & White (2007) mock catalogues, but
the final assessment of quality of the reconstructed groups
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Table 1. Galaxy samples.
z1 < z < z2 All Centrals Satellites
0.1 < z < 0.4 2340 1730 610
0.4 < z < 0.7 2448 2062 386
Number of galaxies in different samples used in the analysis. The
redshift bins z1 < z < z2 are given in the first column, and the
numbers of all, central and satellite galaxies above the adopted
stellar mass completeness limit in a given redshift bin are given
in the second, third, and forth column, respectively.
is recalculated on the updated COSMOS cones described in
Henriques et al. (2012). According to these, the zCOSMOS
20k groups have both completeness and purity of around
83%. Typical halo masses of the groups are estimated using
the correlation between the number of group members, cor-
rected for the spatial sampling and the redshift success rate,
and the halo mass calibrated on the mock catalogue.
Knobel et al. (2012a) developed a scheme to separate
galaxies into centrals and satellites, where by definition the
most massive galaxy in a group is the central, and all other
group galaxies are satellites. To improve the quality of the
central/satellite classification in the overall 50% zCOSMOS
spectroscopically complete sample, also the galaxies with
only photometric redshifts (down to the flux limit of the
zCOSMOS sample) are included. The classification of a
galaxy to be a central or a satellite is given in a proba-
bilistic manner through the combination of values of the
three parameters: p, pM , and pMA. These parameters cor-
respond to a probability of a galaxy to be a member of a
group, a probability that a given galaxy is the most massive
in a group, and a probability that a galaxy is the most mas-
sive normalised by the area of the projected Voronoi cell of
that galaxy, respectively (see Knobel et al. 2012a for more
details).
Following Knobel et al. (2012a) we separate zCOSMOS
galaxies into dichotomous samples of centrals and satellites
identifying the satellites as galaxies satisfying the following
criteria simultaneously: p > 0.1, pM < 0.5, and pMA < 0.5.
The central galaxies are considered to be galaxies not sat-
isfying at least one of these criteria. Such defined sam-
ples of zCOSMOS centrals and satellites in 0.1 < z < 0.8
are complete at the level of 93 and 54%, respectively, and
their purities are at the level of 84 and 74%, respectively
(Knobel et al. 2012a). This includes the uncertainty that in
the mocks the most massive galaxy in a group is not always
the central galaxy.1 Finally, the number of galaxies in dif-
ferent samples used in the subsequent analysis is given in
Table 1.
1 In the mocks, central galaxies (i.e. ‘type 0’) are not identified by
their stellar mass; they are the central galaxies of main subhaloes
(Guo et al. 2011).
3 COLOUR-DENSITY RELATION FOR ALL
GALAXIES
3.1 Red fractions of zCOSMOS galaxies
Numerous studies, both in the local Universe and at higher
redshifts, have shown that the properties of galaxies de-
pend on both their stellar mass and on their environment
(e.g. Kauffmann et al. 2003; Baldry et al. 2006; Peng et al.
2010). In order to isolate the effects of the latter, it is neces-
sary to carefully control the selection of the sample in terms
of the former, especially given the evidence that the mass
function of galaxies may be different in different environ-
ments (e.g. Bolzonella et al. 2010; Kovacˇ et al. 2010b).
In this section we explore the relation between the red
fraction of zCOSMOS galaxies, using the red galaxies as a
proxy for the quenched population, and their environment
and stellar mass. In Section 4, we will split the sample into
centrals and satellites. We calculate the fraction of red galax-
ies in bins of ∆ log(M∗/M⊙) = ∆ log(1 + δ) = 0.3 above
the mass completeness limits (Section 2.3) in two redshift
intervals 0.1 < z < 0.4 and 0.4 < z < 0.7. We weight galax-
ies by their individual colour-dependent mass-completeness
wc(M∗, z, U − B) computed in Section 2.3. The statistical
uncertainties are taken to be half of the 16 − 84% intervals
obtained by bootstrapping the samples 100 times.
The resulting colour-density relations are shown in Fig-
ure 3 for independent stellar mass bins. Although there is
some scatter, there is a clear trend that, at a given stel-
lar mass, the red fraction of galaxies increases with the
environmental overdensity. At a given overdensity, there is
also a trend for the red fraction to increase with the stellar
mass (Figure 4). These trends are consistent, but with im-
proved statistics, with the previously published results from
the smaller 10k zCOSMOS sample (Cucciati et al. 2010,
see also Tasca et al. 2009 for a similar analysis based on
morphologies) and are also in qualitative agreement with
similar studies from other surveys up to redshifts of unity
or slightly higher (e.g. Baldry et al. 2006; Peng et al. 2010;
Cooper et al. 2010).
3.2 Mass and environmental quenching
It was proposed by Baldry et al. (2006) and further explored
by Peng et al. (2010, 2012) that the dependence of the red
fraction on the mass M∗ and environment δ at z ∼ 0 can be
quantitatively described by the separable functional form
fred(M∗, δ) = 1− exp[−(δ/p1)
p2
− (M∗/p3)
p4] (2)
where the p1 − p4 parameters are linked to the quench-
ing mechanisms building the red population of galaxies
(Peng et al. 2010). Using the limited zCOSMOS 10k data
set in 0.3 < z < 0.6, Peng et al. (2010) also showed that
there is a good indication that such fitting formulae can
describe the measured red fraction up to z ∼ 1. We now
reexamine this with the improved 20k sample.
Our best fit p1 − p4 parameters are given in Table 2,
using for the fit fred(M∗, δ) measured in the −0.25 <
log(1 + δ) < 2 and Mcompl(30%) < log(M∗/M⊙) < 11.5 in-
tervals, where the environment-mass plane is well sampled
by the zCOSMOS data. In the fitting procedure, we use the
overdensity and stellar mass in log(1 + δ) and log(M∗/M⊙)
c© 2013 RAS, MNRAS 000, 1–??
8 K. Kovacˇ and zCOSMOS collaboration
Figure 3. Red fraction as a function of overdensity in different mass bins. Results in the left and right panels are for 0.1 < z < 0.4 and
0.4 < z < 0.7, respectively. The measurement points connected by the continuous lines and the dashed curves are for the 0.3 dex bins in
stellar mass, with the stellar mass increasing from the bottom to the top. The lowest mass bin starts at the adopted mass-completeness
value in that redshift bin, and the rounded values of the centres of the used mass bins are given in the increasing order at the bottom
of each panel. The symbols and the continuous lines correspond to the zCOSMOS measurements (Section 3.1), and the dashed lines
correspond to the best-fit model given by equation (2) (Section 3.2). The error bars correspond to half of the 16-84% interval of the
ordered red fractions from 100 bootstrapped samples in each redshift bin.
Figure 4. Red fraction as a function of stellar mass in different bins of overdensity. Results in the left and right panels are for 0.1 < z < 0.4
and 0.4 < z < 0.7, respectively. The measurement points connected by the continuous lines and the dashed curves correspond to the
0.3 dex bins in log(1 + δ), where the environmental overdensity increases from the bottom to the top. The values of the centres of
the used environment bin, in an increasing order, are shown at the bottom of each panel. The horizontal axis starts at the adopted
mass-completeness value in a given redshift bin. The symbols and the lines correspond to the zCOSMOS measurements (Section 3.1),
and the dashed lines correspond to the best-fit model given by equation (2) (Section 3.2). The error bars correspond to half of the 16-84%
interval of the ordered red fractions from 100 bootstrapped samples in each redshift bin, shown for clarity only for every second log(1+δ)
bin.
units. The red fractions resulting from our best fit model
are over-plotted in Figures 3 and 4 and agree with the ma-
jority of points within 2σ. The same result is also shown
in Figure 5, where the red fraction across the (M∗, δ) plane
is plotted. The color background shows the fitted model,
while the contours show the data. The differences between
the modelled and observed red fractions are in the range
of 5-10% (in the extreme points 15%). Most importantly,
the residuals show no systematic trends across the (M∗, δ)
plane when normalized by the uncertainties (as shown in
Figure A1 in Apendix A). We conclude that overall a sep-
arable fred function provides a good representation of the
zCOSMOS data in both redshift intervals (the errors on the
fit will be shown below).
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Figure 5. Red fractions from the model and from the data in the log(1 + δ) − log(M∗/M⊙) plane. The panels are for 0.1 < z < 0.4
and 0.4 < z < 0.7 on the left and the right, respectively. The colour shading corresponds to the red fraction from the best-fit model
given by equation (2). The black contours correspond to the red fractions measured from the zCOSMOS data boxcar smoothed with
the interval ∆ log(M∗/M⊙) = ∆ log(1 + δ) = 0.45 with the step 0.05 in both parameters. The white vertical lines mark the adopted
mass-completeness limits. Our analysis is based only on the data in the mass-complete samples.
Table 2. Best fit parameters to the red fraction model.
z1 < z < z2 p1 p2 p3 p4
0.1 < z < 0.4 1.54 1.10 10.72 0.58
0.4 < z < 0.7 1.68 0.94 10.55 0.67
The lower z1 and upper z2 limits of the redshift bin to which
the results refer to are given in the first column, and the best-fit
p1, p2, p3, and p4 parameters to the equation 2 are given in the
second to the fifth columns. The fit is obtained with overdensity
and mass expressed in log(1 + δ) and log(M∗/M⊙) units.
As argued in Peng et al. (2010), this suggests that the
red fraction is dominated by two distinct processes, one a
function of mass and not environment, and the other a func-
tion of environment and not mass. This is because the blue
fraction fblue, which is the chance that a galaxy has survived
as a star-forming galaxy can be written as the product of two
functions, one of mass alone and the other of environment
alone
fblue = 1− fred(M∗, δ) = (1− ǫρ(δ, δ0))× (1− ǫm(M∗,M∗0))
(3)
where ǫρ(δ, δ0) = 1 − exp(−(δ/p1)
p2) and ǫm(M∗,M∗0) =
1−exp(−(M∗/p3)
p4) (Peng et al. 2010). ǫρ and ǫm are the so
called relative environmental quenching and mass quenching
efficiencies, respectively.
These may be calculated from the data as
ǫρ(δ, δ0,M∗) =
fred(δ,M∗)− fred(δ0,M∗)
fblue(δ0,M∗)
(4)
and
ǫm(M∗,M∗0, δ) =
fred(M∗, δ)− fred(M∗0, δ)
fblue(M∗0, δ)
, (5)
where δ0 is the overdensity at which ǫρ is negligible andM∗0
is the mass at which ǫm is negligible.
ǫρ and ǫm can be interpreted as the net fraction of galax-
ies that have been quenched by the environment- or mass-
related processes, respectively, and their functional form
provides an important constraint on the physical nature of
these processes. In Peng et al. (2010, 2012) it was shown
that the continuity equation for galaxies plus the observed
constancy of the shape of the mass function of star-forming
galaxies requires that ǫm should have a particular form re-
lated to the faint-end slope and M* of the Schechter-fit to
the star-forming mass function and the logarithmic slope of
the SFR −M∗ relation of Main Sequence galaxies. This is
different in detail from the exponential form of equation 2.
The focus of this paper is on ǫρ, and we prefer to use the
functional form of ǫm given above with fitted p3 and p4 pa-
rameters to self-consistently define ǫm.
One of the concerns when fitting fred over the two di-
mensional overdensity-mass surface is that we are working
with a relatively small number of galaxies covering a rather
narrow range of stellar mass. To estimate the uncertainties
on the fit (i.e. on the mass and environmental quenching
efficiencies) we generate mock samples of 100,000 galaxies
in each redshift bin whose distribution in mass-overdensity
matches the zCOSMOS sample. Each simulated galaxy is
then assigned to be red or blue according to the zCOSMOS
best fit p1− p4 model. We then repeat the fitting procedure
for 100 randomly chosen sub-samples that each contain the
same number of galaxies as the actual zCOSMOS sample in
that redshift bin. We find that there are no systematic effects
due to the reduced sampling in the sense that the median ǫρ
and ǫm functions from the 100 re-samples closely matches
the input functions. These 100 re-samples are then used to
define the 16-84% interval of the distribution of returned ǫρ
and ǫm, which are then taken as the ±1σ uncertainty inter-
val on the fits returned from the actual zCOSMOS data.
We show in Figures 6 and 7 the best-fit ǫρ and ǫm
quenching efficiency curves in the 0.1 < z < 0.4 and
0.4 < z < 0.7 ranges, with the adopted error intervals esti-
mated as above. For reference, we also show the correspond-
ing z ∼ 0 functions measured from the SDSS by Peng et al.
(2010), slightly shifted in mass to account for different defi-
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Figure 6. Redshift evolution of the ǫρ function. The environ-
mental quenching efficiencies obtained from the fit to the mea-
sured red fractions in the zCOSMOS data in 0.1 < z < 0.4 and
0.4 < z < 0.7 are shown as continuous lines in red and blue, re-
spectively. The dashed lines in the same colour mark the 16-84%
error interval. For comparison, the ǫρ function from the SDSS
z ∼ 0 data measured by Peng et al. (2010) is shown in black.
nition of mass used. Comparing the curves at different red-
shifts, we do not find a significant evolution in either the ǫρ
and ǫm functions with redshift to z = 0.7.
2 The constancy of
ǫm is directly related, via the continuity equation, to the ob-
served constancy of the M* of the star-forming galaxy pop-
ulation (see Peng et al. 2010). The constancy of ǫρ, which
was also noted with our earlier data (Peng et al. 2010) is in a
sense more interesting: it tells us that the physical processes
responsible for the environmental differentiation of galaxies
(or, at least, the environmentally caused quenching) must
act in the same way as a function of environment over the
range of epochs studied. Our measure of environment is a
nominal overdensity. We explore in Section 5 the links be-
tween this and other environment measurements.
Separability will be broken if there is any quenching
channel that depends on a coupling between mass and envi-
ronment, or if there are ways for galaxies to e.g. change their
mass differentially (e.g. through merging) in different envi-
ronments. With the uncertainties in the data, we can not
rule out the presence of any such effects: our point would
simply be that they must at most represent small perturba-
tion to the simple picture implied by separability.
Finally, it should be noted that a constancy of ǫρ does
not imply that environmental quenching is not continuing
over time. Galaxies will be migrating to denser environ-
ments and, in addition, environmental quenching must con-
tinuously operate to quench some of the lower mass galaxies
whose mass increases by star formation, as will be discussed
in a future paper (Peng et al. in preparation).
2 Peng et al. (2010) use properties of the zCOSMOS 10k galax-
ies estimated differently than in this work, and they adopt the
redshift-evolving cut in the red/blue division of galaxies. The ǫm
measured from the 10k zCOSMOS data set in 0.1 < z < 1.0 does
not evolve with redshift (Peng et al. 2010), consistent with our
results.
Figure 7. Redshift evolution of the ǫm function. The mass
quenching efficiencies obtained from the fit to the measured
red fractions in the zCOSMOS data in 0.1 < z < 0.4 and
0.4 < z < 0.7 are shown as the continuous lines in red and blue, re-
spectively. The dashed lines in the same colour mark the 16-84%
error interval. For comparison, the ǫm function from the SDSS
z ∼ 0 data measured by Peng et al. (2010) is shown in black. To
correct for the different definition of the stellar mass used, the
log(p3) parameter from Peng et al. (2010) is increased by 0.2.
4 CENTRAL-SATELLITE DICHOTOMY
(SATELLITE QUENCHING)
4.1 Fraction of satellites in different overdensities
In this section we investigate the overall relations between
the zCOSMOS centrals and satellites and their environ-
ments defined by the nearest neighbour counts (described in
Section 2.4). As a first step we show in Figure 8 the distri-
bution of overdensities for the zCOSMOS centrals and satel-
lites. As before, we consider two redshift bins, 0.1 < z < 0.4
and 0.4 < z < 0.7, and only galaxies above the mass-
completeness limit. The satellite galaxies are systematically
shifted to higher overdensity regions in both redshift bins
(see also Figure 22 in Kovacˇ et al. 2010a). Even though cen-
trals make on average a larger fraction in the total galaxy
population (Figure 1 in Knobel et al. 2013 for the zCOS-
MOS 20k sample), satellites become the dominant popula-
tion of galaxies at the highest overdensities (green curve in
Figure 8).
In order to determine the role of centrals and satellites
in shaping the overall environmental relations, we need to
calculate the satellite fraction as a function of mass and
overdensity, correcting the observed numbers for the mass
incompleteness and for the miss-classification of centrals and
satellites.
Knobel et al. (2013) argued that the purity of central-
satellite classification is rather high, about 80%, for the
mass-complete samples of zCOSMOS galaxies up to z < 0.8,
and only weakly dependent on stellar mass, based on the
24 Henriques et al. (2012) mocks. Here, we use the same
Henriques et al. (2012) mocks to test whether there should
be any dependence of purity on the overdensity. For simplic-
ity, we quantify the environment around each mock galaxy
(satisfying i < 22.5 and 0.1 < z < 0.7) by calculating the
local overdensity of galaxies using the distance to the fifth
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Figure 8. Overdensities of central and satellite galaxies. The dis-
tributions for the mass-complete samples in 0.1 < z < 0.4 and
0.4 < z < 0.7 are shown in the top and bottom panels, respec-
tively. The black and red curves correspond to the overdensity
distributions of central and satellite galaxies, respectively, nor-
malised by their respective observed number in a given redshift
bin and scaled by the bin size. The green curves correspond to the
observed fraction of satellites in the total population of galaxies
in a given redshift bin as a function of overdensity.
nearest MB < −19.3− z neighbour projected within ±1000
km s−1. By applying the same central/satellite reconstruc-
tion procedure on the mock galaxies as used for the real
data (developed by Knobel et al. 2012a), we find that the
purity P of the mass-complete samples of centrals and satel-
lites is strongly dependent on the overdensity because fsat
increases with the overdensity. This is shown in Figure 9 for
both redshift samples considered in this work. The purity of
the central galaxies is more than 95% in the lowest density
environments, and then slowly decreases with increasing en-
vironmental overdensity to 78% at log(1 + δ) = 0.65, after
which the purity sharply decreases to values of about 30-32%
at log(1 + δ) ∼ 2. As shown in Figure 8, there are very few
centrals at these high overdensities. This is rather obvious,
as at high overdensities most galaxies are in large groups
with many members, only one being the central. The purity
of satellites shows the opposite behaviour. It is roughly con-
stant at about 80% and 70% up to log(1 + δ) ∼ 1.25 in the
lower and higher redshift bins, respectively, and then it in-
creases to more than 90% for log(1+ δ) > 2 in both redshift
bins. We obtain similar results when repeating the calcula-
tion within bins of stellar mass. The strong dependence of
Figure 9. Purity of the central and satellite galaxies as a function
of overdensity in the reconstructed mock samples. The continuous
and dotted curves are for the redshift bins 0.1 < z < 0.4 and
0.4 < z < 0.7, respectively. The curves in black and red are the
results for the central and satellite galaxies, respectively. Only the
mock galaxies with stellar masses above the adopted zCOSMOS
mass completeness limit in a given redshift bin are used.
purity on the overdensity of the reconstructed samples of
centrals and satellites, and the opposite direction of this de-
pendence, make it imperative to correct for these impurities
for any quantities measured from the observed samples of
centrals and satellites.
We use these P (M∗, δ) purity values to calculate the
fraction of satellites as a function of overdensity. For the
dichotomously defined samples consisting of N˜cen centrals
and N˜sat satellites (i.e. every galaxy in the full zCOSMOS
sample is either a central or a satellite) the corrected (i.e.
true) number of centrals Ncen and satellites Nsat can be
calculated as
Ncen = N˜cen − (1− Pc)N˜cen + (1− Ps)N˜sat (6)
Nsat = N˜sat − (1− Ps)N˜sat + (1− Pc)N˜cen (7)
and then the ‘real’ satellite fraction is simply given as
fsat(M∗, δ) = Nsat/(Nsat+Ncen). The purity-corrected frac-
tion of zCOSMOS satellites as a function of overdensity in
the log(M∗/M⊙) = 0.5 bins is shown in Figure 10 for the
lower and higher redshift bins in the panels on the top and
bottom, respectively. The error interval corresponds to the
16− 84% range in the satellite fractions from the 100 boot-
strapped samples. Given that the samples of centrals and
satellites are dichotomous, the fraction of centrals at any
overdensity is simply 1− fsat(M∗, δ).
Following this correction, the fractional contribution of
centrals and satellites to the overall galaxy population re-
mains a strong function of overdensity. At the lowest over-
densities, more than 90% of galaxies are centrals. With in-
creasing overdensity, the fraction of satellites increases, and
satellites become the dominant population at log(1+δ) & 1.
The fraction of satellites is also a weak function of stellar
mass: at a given overdensity, fsat(M∗, δ) decreases with stel-
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Figure 10. Fraction of satellites as a function of overdensity.
The results in 0.1 < z < 0.4 and 0.4 < z < 0.7 are shown in the
top and bottom panels, respectively. Differently coloured curves
correspond to the fractions measured in 0.5 dex bins of stellar
mass. The lowest mass bins start at the adopted mass complete-
ness limit. The rounded values of the centre of the mass bins are
marked in the second row of the label in the top left corner in
the panels. The symbols (connected by the continuous lines) rep-
resent the fractions measured from the zCOSMOS data, and the
dashed lines represent the equivalent fractions measured from the
Henriques et al. (2012) mocks. The errors on the data points cor-
respond to the 16− 84% range in the satellite fractions from the
100 bootstrapped samples. As the samples of centrals and satel-
lites are dichotomous, the fraction of centrals at any overdensity
is simply 1− fsat(M∗, δ).
lar mass, but the difference is less than 10% between the
mass bins in the well-sampled range of overdensities. More-
over, our data do not indicate any strong redshift evolution
in fsat(M∗, δ). For the 0.5 dex bin in stellar mass centred at
log(M∗/M⊙) = 10.54, which is observable in both redshift
bins, we do not find an evolution in the fraction of satellites
at a given overdensity between the two redshifts bins.
We also compare the measured satellite fractions with
the equivalent fractions in the mock catalogues. Overall, the
fractions of satellites in the zCOSMOS and mocks agree
well both in the trends with the overdensity and with stel-
lar mass. This can be seen in Figure 10. The fsat(M∗, δ)
curves in Peng et al. (2010), which were based on the ear-
lier Kitzbichler & White (2007) mocks, show a much weaker
dependence on stellar mass. As a check we measure the en-
vironments of i < 22.5 galaxies in the Kitzbichler & White
(2007) mocks, calculating the overdensities in exactly the
same manner as for the Henriques et al. (2012) mocks,
as part of the difference could stem from differently de-
fined mean densities. We also find that fsat(M∗, δ) in the
Kitzbichler & White (2007) mocks shows much weaker de-
pendence on stellar mass, finding the decrease in fsat(M∗, δ)
only for the highest mass ∼ 11.1 bin in 0.1 < z < 0.4. As
Peng et al. (2012) used only the mock defined fsat(M∗, δ),
some of the differences in the interpretation of the results on
satellite quenching in Peng et al. (2012) and in this paper
will reflect the weak mass dependence of fsat(M∗, δ) in our
data.
4.2 Red fractions of central and satellite galaxies
In this section we investigate the colour-density relations ob-
tained when separating the overall galaxy population into
central and satellite galaxies. Due to the opposite depen-
dence of the purity on the overdensity for the centrals and
satellites (shown in Figure 9), any relation between a given
property and the overdensity that is measured separately
for the centrals and satellites, and the differences between
the two, may be strongly affected by the impurity. We can
however correct for this statistically, as the observed red
fractions of centrals f˜r,cen and satellites f˜r,sat are related
to the ‘true’ respective fractions fr,cen and fr,sat by simple
relations:
f˜r,sat = Psatfr,sat + (1− Psat)fr,cen (8)
f˜r,cen = Pcenfr,cen + (1− Pcen)fr,sat. (9)
Using the Psat and Pcen (as a function of mass and envi-
ronment) as estimated above in Section 4.1, one can easily
obtain the statistically corrected, i.e. ‘true’, red fractions of
centrals and satellites from the observed red fractions of ap-
parent centrals and satellites.
Ideally, we would like to carry out the analysis for the
centrals and satellites in the same way as for the overall
galaxy population, presented in Section 3. However, given
the small number of satellites (totalling about 1000 in both
redshift bins, see Table 1), the systematic shift in the over-
densities occupied by the central and satellite galaxies, and
the necessity to derive any quantity in the equivalent bins
for both centrals and satellites in order to correct for im-
purities, we need to modify our approach to obtain reliable
results. Instead of working in narrow bins of stellar mass,
we derive the red fractions of centrals and satellites as a
function of overdensity in mass-matched samples.
We create mass-matched samples of both centrals and
satellites, as follows. Starting from the sample of centrals in
each of the two redshift ranges, we first divide the galax-
ies lying above the mass completeness limit into four bins
in overdensity, defined by the quartiles in the overdensity
distribution of the centrals. As a reference sample, we de-
fine a fifth overdensity bin which contains central galax-
ies around the median overdensity, i.e. with overdensities
in the 37.5-62.5% range of sorted overdensities. The stellar
mass-matched samples are then built by picking randomly
a galaxy from each of the four overdensity quartiles which
has a stellar mass close to the stellar mass of a galaxy from
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Figure 11. Red fractions of central galaxies as a function of over-
density. Symbols correspond to the red fraction measured at the
median stellar mass log(Mmed/M⊙) of the mass-matched centrals
in the four quartiles in overdensity. The error-bars encompass the
16-84% interval in the purity corrected red fractions of centrals
from 20 realisations of the mass matching. The results are plot-
ted at the median overdensity in each bin, where the empty and
solid symbols correspond to the purity uncorrected and corrected
quantities, respectively. The dotted lines mark the mean and the
±1σ interval of the four fr,cen values. The dashed lines corre-
spond to the red fraction from the best-fit model (Table 2) at
the median mass of centrals when assuming that only the mass
quenching operates. The blue and cyan colours correspond to the
results in 0.1 < z < 0.4 and 0.4 < z < 0.7, respectively.
the central reference sample, for each galaxy in the reference
sample. To obtain the errors we repeat this process 20 times.
More details of the matching process and the (weighted) stel-
lar mass distributions of the matched samples are given in
Appendix B.
Using the adopted colour cut, we then measure the red
fraction of centrals at the median weighted stellar mass in
the matched samples in the four overdensity bins. The me-
dian mass is log(M∗/M⊙) = 10.47 and 10.71 in the lower
and higher redshift bins, respectively. We then combine
equations (8) and (9) to correct for impurity, calculating
f˜r,sat using the satellites residing in the same range of over-
densities and within the 0.75 dex mass interval centred on
the median mass of the central galaxies. This approach to
derive the red fractions of satellites, which are needed for
the purity correction for the centrals, is driven by the small
number of satellite galaxies in the regions of lowest overden-
sity.
We take the median in the distribution of purity cor-
rected red fractions of centrals from the 20 mass matched
samples to be our final result, and the 16-84% interval in
the same distribution as the ±1σ error interval. The ob-
tained red fractions and the errors on the purity corrected
measurements are shown in Figure 11.
We then repeat the mass-matching process for the sam-
ple of satellite galaxies in the equivalent way as for the
Figure 12. Red fractions of satellite galaxies as a function of
overdensity. Symbols correspond to the red fractions measured
at the median stellar mass log(Mmed/M⊙) of the mass-matched
satellites in the four quartiles in overdensity. The error-bars en-
compass the 16-84% interval in the red fractions of satellites from
20 realisations of the mass matching. The results are uncorrected
for purity, plotted at the median overdensity in each bin. The
dashed lines correspond to the red fraction from the best-fit model
(Table 2) at the median mass of satellites when assuming that
only the mass quenching operates. The red and magenta colours
correspond to the results in 0.1 < z < 0.4 and 0.4 < z < 0.7,
respectively.
centrals, defining the reference sample and the overdensity
quartiles using the mass complete sample of satellites in the
two redshift bins. For the moment, we measure only the
purity-uncorrected red fractions of satellites, as there are
only a handfull of centrals of similar mass at the highest
overdensities that are occupied by satellites. As for the cen-
trals, we take for f˜r,sat the median in the distribution of red
fractions from the 20 mass-matched samples of satellites and
the 16-84% interval in this distribution to be the ±1σ error.
This is shown in Figure 12. For reference, the weighted cu-
mulative distribution functions (wCDFs) of stellar mass of
the mass-matched samples of satellite galaxies are shown in
Appendix B in Figure A3.
We analyse now the obtained colour-density relations
for centrals and satellites, as shown in Figures 11 and 12,
respectively. Even though the low redshift measurements of
the red fraction of centrals fr,cen are quite noisy, there is
little evidence for a strong trend with the overdensity in
any redshift bin. To check whether environment quenching
is indeed negligible for centrals, as would be expected from
Peng et al. (2012), we calculate the red fraction of centrals
that would be predicted from mass-quenching alone, i.e as
given by equation (3) with the best-fit parameters for ǫm
from Table 2 and ǫρ = 0. The expected red fractions, cal-
culated at the median mass of central galaxies in the mass-
matched samples, are 0.51 and 0.72 in the lower and higher
redshift bins, respectively. These are plotted as the hori-
zontal dashed lines in Figure 11. The average fr,cen values
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and their error intervals are calculated to be 0.55±0.01 and
0.74±0.01 in the equivalent redshift bins, and these are plot-
ted as the dotted lines in Figure 11. The ǫm-predicted red
fractions differ by only a few percent from the corrected red
fraction of central galaxies derived from the data, leading
us to conclude that the build up of the red central galax-
ies is almost entirely due to the mass quenching process.
Any residual environmental quenching is increasing the red
fraction of centrals by at most a few percent (i.e. 2-4%).
In contrast, the red fraction of satellites (Figure 12)
shows rather clear dependence on overdensity in 0.1 < z <
0.4, with f˜r,sat increasing (by more than 10%) with the in-
creasing overdensity, while in 0.4 < z < 0.7 the red fraction
of satellites does not show a clear trend with overdensity.
However, in both redshift ranges, the satellites are consis-
tently redder than the centrals. The red fractions of galax-
ies with log(M∗/M⊙) = 10.4 and log(M∗/M⊙) = 10.59,
which are the median stellar masses of galaxies in the mass-
matched samples of satellites in the lower and higher redshift
bins respectively, that would be expected to be produced by
the mass-quenching process are 0.48 and 0.66. These are
plotted as the dashed lines in Figure 12 and are consistently
lower than the observed red fractions of satellites. Environ-
mental quenching has increased the red fraction of satellites
by, on average, 23% and 13%, in the lower and higher red-
shift bins, respectively. Even though the conclusions which
we presented so far for satellites are based on the impure
quantities, due to the small number of equally massive cen-
trals at the highest overdensity bins, this is of lesser concern
than in the case of centrals, as the purity of satellites shows
less change with overdensity, and is at 70-80% even well be-
low log(1 + δ) = 1.
4.3 Satellite quenching
In the previous section we have explored the dependence of
the red fractions of centrals and satellites on the overdensity
for galaxies with particular mass distributions. The results
for centrals and satellites were obtained for different ranges
of overdensity, as the reference samples of centrals cover a
lower range in overdensity than that of the satellites. As
a result, we could not correct the measured red fractions of
satellites for impurities. It should be noted that the mass dis-
tribution of centrals is also systematically shifted to higher
stellar masses compared with that of the satellites, and so
the red fractions can not be immediately compared since the
different masses will have different red fractions from mass
quenching.
We now analyse the environmental dependence of the
excess in the red fraction of satellites with respect to the
centrals. We create new samples of mass-matched centrals
by matching their stellar masses (in the same four quar-
tiles of overdensity, as defined by the centrals) to the mass
distribution of the satellite galaxies in a given redshift bin.
We follow the same matching procedure and the same esti-
mation of red fractions and associated uncertainties as were
described in Section 4.2. The resulting fr,cen in the four over-
density quartiles are shown as solid squares in Figure 13 in
the top and bottom panels for the intervals 0.1 < z < 0.4
and 0.4 < z < 0.7, respectively. It should be noted that the
obtained values are somewhat lower than when masses are
matched to the centrals (i.e. as in Figure 11), because of the
Figure 13. Red fractions of centrals (squares) and satellites (cir-
cles) mass-matched to the same distribution as a function of over-
density. Only the purity corrected quantities are shown, measured
at the median stellar mass log(Mmed/M⊙) in 0.1 < z < 0.4 and
0.4 < z < 0.7 in the top and bottom panels, respectively. The
results are plotted at the median overdensity in the bins of over-
density quartiles. The respective errors encompass the 16-84%
interval of the purity corrected red fractions of centrals or satel-
lites in the 20 realisations of the mass matching. The dashed and
dotted lines correspond to the average and ±1σ values of fr,cen.
systematically lower stellar masses of satellites. It is how-
ever reassuring that, as already shown previously, the red
fractions of centrals do not show any strong trend with the
overdensity, i.e. that we are not introducing some artifical
colour-density trend by adopting a satellite mass distribu-
tion also for the central galaxies. As before, the average red
fractions of centrals (estimated to be 0.53 and 0.64 in the
lower and upper redshift bins, respectively, and marked as
the dashed lines in Figure 13) are very close to the red frac-
tions expected from purely mass quenching at the median
stellar mass of satellites in the reference sample (estimated
to be 0.48 and 0.66 in the lower and higher redshift bin,
respectively).
Though the samples of centrals and satellites are now
matched in mass, this still does not alleviate the fact that
the red fractions of centrals and satellites are measured in
systematically shifted ranges of overdensity. We deal with
this by extrapolating a constant fr,cen to the highest over-
densities that are probed by the satellites, by taking the
average value of fr,cen that is measured for the centrals (the
dashed lines in Figure 13). The other possibility would have
been to simply adopt the value expected from ǫm, but we
prefer to use the measured values from the data whenever
possible. Using this adopted fr,cen for the whole range of
overdensities, we can now also finally calculate the purity
corrected fr,sat, which we did not do in Section 4.2, using
equations (8) and (9). This is shown, for the two redshift
bins, as the solid circles in Figure 13.
The red fractions of satellites are, as expected, system-
atically above the red fractions of centrals up to z = 0.7
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Figure 14. Satellite quenching efficiency ǫsat as a function of overdensity in 0.1 < z < 0.4 (left) and 0.4 < z < 0.7 (right). The
green symbols are the ǫsat values measured from the data mass-matched in the quartiles of the satellite overdensity (with median mass
log(M∗/M⊙) =10.40 and 10.59 in the lower and higher redshift bins, respectively). The red symbols are the ǫsat values measured in the
narrower bins of overdensity with at least 20 central and 20 satellite galaxies in each bin (with median masses log(M∗/M⊙) =10.24,
10.32 and 10.38, and 10.49, 10.52, and 10.60 in the lower and higher redshift bins, respectively). The solid and open symbols are for
the purity-corrected and -uncorrected quantities, respectively. For clarity, the error bars are shown only for the former, as an 16-84%
uncertainty interval (see text for more details). The black lines correspond to the model prediction ǫρ(δ)/fsat(δ,M∗) valid in the case
when the environmental quenching efficiency of centrals is negligible. The continuous and dashed lines are obtained for the fraction of
satellites in the ∆ log(M∗/M⊙) = 0.5 bin centered at log(M∗/M⊙) = 10.40 (left) and 10.59 (right), and 10.24 (left) and 10.49 (right),
respectively. For comparison, the orange line is the z ∼ 0 ǫsat(δ) function averaged over all stellar masses from Peng et al. (2012).
at all overdensities, due to the additional quenching process
operating on the satellites. The excess of red satellites with
respect to the centrals at a given overdensity δ and mass
M∗ is quantified by satellite quenching efficiency ǫsat(δ,M∗)
defined as
ǫsat(δ,M∗) =
fr,sat(δ,M∗)− fr,cen(M∗)
fb,cen(M∗)
(10)
where fb,cen(M∗) is the blue fraction of centrals (Peng et al.
2012). The defined ǫsat(δ,M∗) quantity can then be inter-
preted as the excess fraction of satellite galaxies (in a given
environment δ) which are environmentally quenched during
the accretion process with respect to the population of star-
forming centrals of the same stellar mass.
It can be argued (e.g. van den Bosch et al. 2008;
Wetzel et al. 2013) that one should use, in equation (10), the
fr,cen(M∗) of the centrals at the (earlier) epoch at which the
satellites first entered the halo. We digress for a moment to
address this point, even though we will then argue that it is
of no significance, because fr,cen(M∗) actually changes little
with redshift (see Figure 3 in Knobel et al. 2013). The choice
of which fr,cen(M∗) to use in equation (10) depends on what
is assumed for the mass quenching process. If mass quench-
ing for some reason does not operate (at all) for satellites,
then one should indeed use the fr,cen at the earlier epoch
(and at the slightly reduced stellar mass at which the satel-
lite entered the halo). Alternatively, if mass quenching oper-
ates in exactly the same way for centrals and for satellites,
even if mass quenching changes with time, then one should
use the fr,cen at the epoch of observation, simply because
some of the satellites will have been mass quenched since
they became satellites. We can not be sure which scenario
holds, although Peng et al. (2012) argued that the mass
quenching should operate identically for satellites and cen-
trals because star-forming centrals and star-forming satel-
lites exhibit the same characteristic Schechter M*. However,
regardless of these points, we would argue that in practice
fr,cen(M∗) changes little with redshift over the redshifts of
interest (c.f. Wetzel et al. 2013). This is also evidenced by
the constancy of ǫm(M∗) over 0 < z < 0.7 shown in Figure 7.
We proceed with measuring ǫsat(δ,M∗) from the zCOS-
MOS data using the red fractions of centrals and satellites
computed (at the same epoch) in the mass-matched sam-
ples. The ǫsat(δ,M∗) values, computed in the four quartiles
of satellite overdensity, are shown in Figure 14 in green, us-
ing the solid and open symbols for the purity corrected and
uncorrected quantities, respectively. The errors are shown
only for the purity-corrected values and they are estimated
by the propagation of errors on the individual fractions,
using the symmetric 0.5(fr,cen(84%) − fr,cen(16%)) and
0.5(fr,sat(84%)− fr,sat(16%)) errors for the propagation. It
should be noted that the ǫsat(δ,M∗) efficiencies measured
above are obtained for a range of overdensities, especially for
the lowest and highest quartiles. This will tend to smooth
the measured ǫsat(δ,M∗) values in the extreme parts of the
overdensity distribution.
As an independent estimate, we also measure
ǫsat(δ,M∗) within the narrower range of overdensity where
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both populations exist in significant numbers. We calculate
the red fractions in the bins of overdensity that contain at
least 20 centrals and 20 satellites, and still matching the
mass distribution of centrals to the satellites in a given over-
density bin following the procedure described in Section 4.2.
The resulting ǫsat(δ,M∗) values are shown in red in Fig-
ure 14, using the open and filled symbols for the purity-
uncorrected and -corrected quantities. The median stellar
masses in the overdensity bins, going from the lower to the
higher values are log(M∗/M⊙) =10.24, 10.32 and 10.38 in
0.1 < z < 0.4, and log(M∗/M⊙) =10.49, 10.52, and 10.60 in
0.4 < z < 0.7. The error interval corresponds to the 16-84%
range in the distribution of the ǫsat(δ,M∗) values obtained
from the 50 mass-matched samples of centrals.
Leaving aside the differences in the stellar mass (which
we will address later), we find that the differently mea-
sured ǫsat(δ,M∗) all paint a consistent picture on the de-
pendence of satellite quenching efficiency on overdensity.
The ǫsat(δ,M∗) measurements at the lower redshift show the
satellite quenching efficiency increasing with the overdensity.
We also show the value of ǫsat(δ) at z ∼ 0 from the group
analysis of Peng et al. (2012, orange lines in Figure 14). We
conclude that there is little evidence for evolution in ǫsat(δ).
In the higher redshift bin, the ǫsat(δ,M∗) estimated in
the two ways at the lowest overdensities are just outside
their respective 1σ error intervals. Considering the other
points and their uncertainties our data do not, by them-
selves, show much evidence for a strong environmental de-
pendence of ǫsat(δ,M∗). However, considering the larger er-
rors on the ǫsat(δ,M∗) measurements and the smaller range
in log(1 + δ) in the higher redshift bin, our higher redshift
data also do not provide compelling evidence for any change
of ǫsat(δ,M∗) with redshift between z ∼ 0 and z ∼ 0.7.
Turning back to the broader picture, in the case when
the quenched fraction of centrals is produced solely through
the mass quenching process ǫm (as strongly supported by the
red fractions of zCOSMOS centrals, Figure 11), then the ǫρ
of the overall population should be due to environmental
quenching of the satellite population alone. In that case,
ǫsat(δ,M∗) will be related to the environmental quenching
through the fraction of satellites as ǫρ/fsat(δ,M∗).
We check this using fsat(δ,M∗) at the median stel-
lar mass of satellites in the reference overdensity bin (i.e.
log(M∗/M⊙) =10.40 and 10.59 in the two redshift bins), and
at the lowest median stellar mass of satellites in the narrower
overdensity bins (i.e. log(M∗/M⊙) =10.24 and 10.49 in the
two redshift bins). These satellite fractions are calculated
in log(M∗/M⊙) = 0.5 bins, centred at the quoted median
mass. The resulting ǫρ(δ)/fsat(δ,M∗) functions are shown
in Figure 14 as the black solid and dashed lines respectively.
They differ only slightly, reflecting the weak dependence of
fsat(δ,M∗) on mass.
The ǫsat(δ,M∗) measurements from the narrower over-
density bins show an excellent agreement with the expected
ǫρ(δ)/fsat(δ,M∗) values in both redshifts. The ǫsat(δ,M∗)
measurements from the quartiles in the overdensity are also
broadly consistent, and only the highest quartile point at
the lower redshift bin and the lowest quartile point at the
higher redshift bin are significantly discrepant. As we have
already mentioned, these points cover the broadest ranges in
overdensity and therefore must be rather smoothed. Taking
this all together, still the agreement between the measured
ǫsat(δ,M∗) points and the value of ǫρ(δ)/fsat(δ,M∗) is rather
striking.
Our detailed analysis strongly suggests that the satel-
lite galaxies must be the dominant population of galaxies
that is driving the overall environmental trends at least up
to z = 0.7. The net effect in the overall population ǫρ is
the combination of two dependencies on overdensity: the
ǫsat(δ,M∗) and fsat(δ,M∗) functions. Furthermore, the ef-
fect of the environment, as defined by our overdensity pa-
rameter, on the satellites, is consistent with being unchanged
at z = 0.7 compared with z ∼ 0.
It is clear that the constancies highlighted in this pa-
per are unlikely to be exact. First, the functions ǫρ(δ) and
ǫsat(δ,M∗) are simple representations of no doubt complex
physical processes. Secondly, our chosen environment pa-
rameter is observationally convenient but is unlikely to cor-
respond exactly to a physically relevant parametrisation of
environment (we return to this point in the next section).
Finally since fsat is unlikely to be completely independent
of stellar mass and of epoch, it is clear that it is not possible
for both (or possibly either) ǫρ and ǫsat to be strictly inde-
pendent of mass and time. It is also clear that, even with
our very large sample, the statistical uncertainties become
significant when the sample is split into centrals and satel-
lites, into bins of overdensity and further selected via the
mass-matching procedure. For all these reasons, our state-
ments should be taken as ‘approximations to reality’ rather
than as a statement of physical exactitude.
5 WHICH ENVIRONMENT MATTERS?
One of the difficulties when interpreting the observed cor-
relation between galaxy environment and other properties
is the choice of the definition of environment. The quan-
tification of environment by the number density of galaxies
within some apertures (fixed or adaptive) is the most com-
monly used environmental indicator based on the observa-
tional data, as it is rather straightforward to calculate (but
see the discussion on the reconstruction process and vari-
ous uncertainties in e.g. Kovacˇ et al. 2010a). However, it is
questionable what is the physical meaning of such defined
environment.
In most theoretical studies, dark matter haloes are con-
sidered to be the key drivers of galaxy evolution, and their
properties have been most commonly used as an environ-
ment indicator. The number density of galaxies and their
halo masses are certainly correlated, but the dispersion of
the halo masses at a measured density can be 1 dex and more
(e.g. Haas et al. 2012). In order to reconcile the two indica-
tors and constrain the physical process responsible for the
observed environmental differences in the galaxy population,
one ideally needs to constrain both environment estimators
on the same data set. Assignment of the observed galaxies
to common haloes (i.e. the group finding process) and mea-
suring the properties of the haloes is observationally not a
straightforward task as it usually requires for all except the
richest structures some calibration against mock catalogues
or other theoretical distributions. The reconstructed groups
and their properties will suffer from a range of the uncertain-
ties quantified commonly by the purity, completeness, and
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Figure 15. Relation between halo mass and overdensity for satel-
lite galaxies in the mass complete samples. The top and bottom
panels are for 0.1 < z < 0.4 and 0.4 < z < 0.7, respectively.
The colour coding corresponds to the number density of galax-
ies in a given bin (going from blue to red as the number density
increases).
particularly by the error on the estimated halo properties,
which increases for groups with only a few members.
It has been pointed out previously that the environment
indicator based on the nearest N neighbour counts, as used
in this paper, has a dual nature with respect to the parent
galaxy halo. For the richest structures with more than N
tracer galaxies, the reconstructed δ is a measure of the den-
sity within the halo, while for less rich structures the δ will
be a measure of the environment surrounding the halo (e.g.
Weinmann et al. 2006; Haas et al. 2012; Peng et al. 2012;
Woo et al. 2013).
The virial radius of a halo is often considered to be
a physically motivated scale up to which the environment
plays a role, as dynamically galaxies within the virial ra-
dius cannot be largely influenced by galaxies outside of
it (Weinmann et al. 2006). The virial radius marks also a
transition between infall and virial motions, the latter pro-
viding support for the strong shock fronts and hot, ther-
malised gas (e.g. Dekel & Birnboim 2006). However, there
is observational evidence that the environmental trends ob-
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Figure 16. Red fraction of satellite galaxies in the halo mass-
overdensity plane. Galaxies have stellar mass in the range 9.82 <
log(M∗/M⊙) < 10.32 in 0.1 < z < 0.4. The colour scale corre-
sponds to the red fraction of satellites measured in a given halo
mass-overdensity bin, as indicated by the bar on the right-hand
side. The black contours follow the same colour scale and are
separated by 0.2.
served within the virial radius extend to the distance of
a few virial radii (Balogh et al. 1999; Hansen et al. 2009;
von der Linden et al. 2010; Lu et al. 2012). Part of this
can be explained through the non-sphericity of haloes (e.g.
Weinmann et al. 2006), or it can originate from galax-
ies already quenched within the group infalling into more
massive structure (i.e. pre-processing; Berrier et al. 2009;
Li et al. 2009; McGee et al. 2009), satellite galaxies outside
of the virial radius after the first pericentric passage caused
by the highly eccentric orbits (i.e. overshooting; Benson
2005; Ludlow et al. 2009; Wetzel 2011) or the recently pro-
posed interaction of galaxies with the hot gas in filaments
(Bahe´ et al. 2012). In addition, from the theoretical point
of view properties of dark matter haloes also depend on
their environment through the so called ‘assembly bias’
(Gao et al. 2005; Gao & White 2006; Wechsler et al. 2006).
All this complicates the identification of a key environment
(or a key environmental scale) in the evolution of galaxies.
In the case of zCOSMOS satellites studied in the present
paper, the projected distance to the 5th nearest neigh-
bour in the MB < −19.3 − z sample of tracer galaxies
varies between 0.41−4.85 h−1Mpc (mean 2.63 h−1Mpc) and
0.35 − 5.07 h−1Mpc (mean 2.71 h−1Mpc) in 0.1 < z < 0.4
and 0.4 < z < 0.7, respectively. These values are much larger
than the average virial radius of the reconstructed zCOS-
MOS groups in the Henriques et al. (2012) mocks, which is
0.33 and 0.35 physical Mpc in the lower and higher redshift
bin, respectively. Furthermore, the ±1000 km s−1 interval
over which we project galaxies in the radial dimension cor-
responds to 21.1, 23.4, and 24.2 h−1Mpc at 0.1, 0.4, and
0.7, respectively. Even though at a first instance this inter-
val seems large, it is similar to the line-of-sight length of
a cylinder used for the Voronoi-Delaunay method for the
group reconstruction in both the zCOSMOS (Knobel et al.
2009, 2012a) and the DEEP2 and AEGIS (Gerke et al. 2007,
2012), optimised to account for the peculiar velocities of
group galaxies.
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As described in Section 2.5, Knobel et al. (2012a) es-
timate the halo masses for our zCOSMOS groups. This is
based on calibration against mock catalogues, coupled with a
study of the cross-correlation function of groups and galaxies
(Knobel et al. 2012b). The relation between the halo mass
and the overdensity of the zCOSMOS20k satellites used in
this work is shown in Figure 15. There is a broad correla-
tion between the two environment indicators: the satellites
in the most massive haloes simultaneously reside in the most
overdense environments, and vice versa, though the correla-
tion has a lot of scatter. In addition, one needs to keep in
mind that the reconstructed halo masses have substantial
uncertainties (Knobel et al. 2009, 2012a).
Are the observed trends with overdensity discussed
above due to a primary correlation with halo mass? Fig-
ure 16 shows the fraction of red satellite galaxies in the halo
mass-overdensity plane for a 9.82 < log(M∗/M⊙) < 10.32
subset in 0.1 < z < 0.4. It should be noted that we can-
not correct the obtained fractions for the purities of central
and satellite samples since we do not know (at this point)
how these depend on halo mass. The red fraction does not
show a stronger correlation with either of the two environ-
mental indicators (black contours in Figure 16). We reach
the same conclusion also for the satellites of higher stellar
mass at both redshift bins. Within our own data set, it is
hard to distinguish whether the halo mass or the overdensity
of the zCOSMOS satellite galaxies at 0.1 < z < 0.7 has a
more important role in building the red fraction of satellite
galaxies.
The situation at low redshift is better: in SDSS,
Peng et al. (2012) concluded that halo mass was a relatively
minor component and that local overdensity was the domi-
nant driver of the relation between the red fraction of satel-
lites and their environment. Woo et al. (2013) presented a
more complex picture in which a halo mass dependence was
present for only the highest density environments.
Peng et al. (2012) used the 9.5 < log(M∗/M⊙) < 10.0
subsample of satellites to reach the above conclusion. These
are amongst the most populous satellites and they dominate
the outskirts of the groups (see the white contours in the
right hand panel in Figure 10 in Woo et al. 2013), for which
Woo et al. also concluded that the halo quenching is weak-
est, bringing these two works into agreement on the roles of
halo mass and local overdensity in quenching of satellites.
However, using also SDSS, Tinker et al. (2011) found that
the increase in the quenched fraction of satellites at a given
luminosity (or stellar mass) with the large scale environment
is due to variations of the halo mass with overdensity, i.e.
that at a given large-scale overdensity and a luminosity bin,
the fraction of quenched satellites increases with the halo
mass. It still needs to be understood what is the reason for
the different dependence of the quenched fraction of satel-
lites on halo mass and δ measured by Peng et al. and Woo
et al. on one side, and Tinker et al. on the other. It is possi-
ble that for satellites the small scale environment measured
by the nearest neighbour technique (used by Peng et al. and
Woo et al.) correlates stronger with halo mass than with the
overdensity measured on 10 h−1Mpc scale (used by Tinker
et al.).
We also have too few centrals with measurable halo
masses to meaningfully examine any residual dependence
of the red fraction of centrals on halo mass, although noting
that this could not be large because of the apparent inde-
pendence of this quantity with local overdensity. In SDSS,
there is some evidence that, at fixed stellar mass, central
galaxies in higher mass haloes have a higher red fraction
(Woo et al. 2013). On the other hand, given that the prop-
erties of central galaxies in the relaxed and unrelaxed z ∼ 0
ZENS groups do not change much, Carollo et al. (2012) con-
cluded that the properties of central galaxies must be driven
by stellar mass.
Woo et al. (2013) also explored the relations between
the quenched fractions of galaxies and their stellar and halo
mass and overdensity in 0.75 < z < 1 using the AEGIS data.
Due to the low number of satellites, they obtained results
only for the central galaxies at these redshifts, finding that
for the majority of centrals their quenched fraction corre-
lates better with stellar than halo mass. Moreover, Woo et
al. found no correlation between the halo mass and the over-
density for the central galaxies in the AEGIS sample. The
quenched fraction of AEGIS centrals clearly increases with
stellar mass, in agreement with the zCOSMOS results in
Knobel et al. (2013) and the ǫm-model for the red fraction
of centrals presented in this paper. In addition, the quenched
fraction of the AEGIS centrals does not show any correla-
tion with the local overdensity, echoing the results presented
in this work.
6 CONCLUSIONS
In this paper we have studied the origin of environmental
effects in the star-formation properties of galaxies at sig-
nificant look-back times. Our analysis is based on the final
zCOSMOS-bright data set, from which we select a set of
some 17,000 galaxies with reliable spectroscopic redshifts.
These same galaxies, complemented by some information
on the galaxies from the parent catalogue that do not have
reliable spectroscopic redshift, are also used to reconstruct
the overdensities based on the nearest neighbour technique
(which we use as a primary environmental indicator in this
paper). Separation of the galaxies into centrals and satellites
is done using the group catalogue of Knobel et al. (2012a).
Finally, we carefully considered, in deriving our results, the
effects of incompleteness in stellar mass and the impurity of
the central-satellite classification.
We first studied the colour-mass-density relation by
measuring the red fraction of galaxies fred(M∗, δ) in bins
of stellar mass and overdensity δ in two redshift bins, 0.1 <
z < 0.4 and 0.4 < z < 0.7.
1. As previously observed, the red fraction of galaxies
increases with the environmental overdensity, for galaxies of
a given stellar mass, and with mass at a given overdensity,
out to z = 0.7, the highest redshift up to which we carried
out the analysis.
2. As in the local galaxy population (Baldry et al. 2006;
Peng et al. 2010), such dependence of fred on mass and
environment can be approximated by the functional form
1− fred(M∗, δ) = (1− ǫm(M∗))(1− ǫρ(δ)) in which the de-
pendence on mass and environment is separable. The mea-
sured fred can be well represented by this function in both
our redshift bins, within 2σ and without systematic devia-
tions in either mass or overdensity. Given the limited size of
the current data set, we cannot exclude the existence of a
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cross term in both mass and environment, but this must be
within the estimated statistical uncertainties. If exists, such
effects would represent a small addition to the provided de-
scription, rather than changing the model completely.
3. Following our previous paper we interpret this sepa-
rability as indicating that two independent processes oper-
ate that dominate the quenching of galaxies, mass quenching
and environmental quenching. The parameters that describe
these two processes, i.e. ǫm(M∗) and ǫρ(δ) do not, within the
uncertainties, change with redshift, and are consistent with
their respective equivalents measured at z ∼ 0 from SDSS
(Peng et al. 2010). Lack of change in ǫm(M∗) is expected
from constant M∗ of star-forming galaxies, lack of change
in ǫρ(δ) is less obvious.
Using samples of centrals and satellites that are care-
fully matched in stellar mass, we investigated further the
colour-density relation by measuring red fractions at differ-
ent overdensities for the centrals and satellites separately.
4. We find that the red fraction of centrals fr,cen is pri-
marily a function of mass and is almost independent of over-
density at both epochs studied. The red fraction of centrals
is therefore consistent with being produced almost entirely
by the mass quenching process alone, with any environmen-
tal quenching increasing the red fraction by at most a few
percent (less than 5%).
5. In contrast to this, the red fraction of satellite galax-
ies fr,sat requires additional environmental quenching in or-
der to explain the observed red fractions at a given stel-
lar mass and overdensity. This is particularly obvious in
0.1 < z < 0.4, where we find that fr,sat clearly increases
with the overdensity.
6. The overall satellite fraction fsat is a strong function
of overdensity, increasing from practically zero at the lowest
overdensities and reaching more than 0.9 at the highest over-
densities. There is also a weak dependence of fsat on stellar
mass. For satellites with log(M∗/M⊙) ∼ 10.5 (for which we
are statistically complete at both redshifts) there is no ev-
idence for a redshift evolution in the satellite fraction at a
given overdensity.
7. At the same stellar mass, the red fraction of satel-
lites is higher than the red fraction of centrals over the
whole range of overdensities. This excess of red satellites
with respect to the centrals at a given overdensity δ and mass
M∗, normalised by the blue fraction of centrals, is used to
measure the satellite quenching efficiency, ǫsat(δ,M∗). Satel-
lite quenching efficiency at 0.1 < z < 0.4 increases with
overdensity and is noticeably consistent with the equiva-
lent z ∼ 0 measurements in the SDSS (Peng et al. 2012).
In 0.4 < z < 0.7, our ǫsat(δ,M∗) measurements do not show
much evidence for a strong environmental dependence. How-
ever, taking into account the statistical uncertainties as well
as the smaller overdensity range covered in the higher red-
shift bin, the overall conclusion is that ǫsat(δ,M∗) stays rel-
atively unchanged from z ∼ 0 to z ∼ 0.7.
8. Moreover, our results demonstrate an overall agree-
ment between the measured ǫsat(δ,M∗) points and the value
of ǫρ(δ)/fsat(δ,M∗), where the equality between the last two
expressions will hold when the environmental quenching in
the overall population is entirely produced through the satel-
lite quenching process.
The main conclusion from our analysis is that satellite
galaxies are the main drivers of the observed trends with
the overdensity at least up to z = 0.7. The relative role of
environment, quantified by either ǫρ or ǫsat, does not change
significantly with redshift, and is consistent with z ∼ 0 mea-
surements. However, for the satellite population, the depen-
dence of the red fraction on the environmental overdensity
is very similar to its dependence on the halo mass, mak-
ing these two environment indicators statistically equivalent
within our data set of satellites. Finally, given the limited
size of our sample when split in bins of redshift, mass, over-
density, and populations of centrals and satellites, the above
relations should be regarded as approximations to a complex
reality, rather than as mathematical identities.
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APPENDIX A: DIFFERENCE BETWEEN THE
MODELLED AND MEASURED RED
FRACTIONS OF ZCOSMOS GALAXIES
We showed, in Figure 5 (Section 3.2), the red fraction of
galaxies both expected from the model and measured from
the zCOSMOS data in the log(1 + δ)− log(M∗/M⊙) plane.
Here, we show in Figure A1 the differences between the two,
normalised by the adopted 1σ uncertainties at each ∆ log(1+
δ) = ∆ log(M∗/M⊙) = 0.3 bin. We show the results only
for the range of stellar mass and overdensity which were
used to fit equation (2). The key conclusion is that there are
no systematic trends in the normalised differences between
the model and the data across the overdensity-mass range
probed by our data.
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Figure A1. Difference between the modelled and measured red
fraction normalised by the adopted error. The obtained values are
colour coded according to the bar shown on the right hand side.
The bins without data are artificially set to have the low negative
values (white fields). The top and bottom panels are for the two
redshift bins: 0.1 < z < 0.4 and 0.4 < z < 0.7, respectively.
APPENDIX B: MASS DISTRIBUTION OF
GALAXIES IN THE MATCHED SAMPLES
We described in Section 4.2 the procedure to match in stellar
mass different samples of galaxies residing in different bins
of overdensities. In this appendix, we provide some addi-
tional, more quantitative details of the matching procedure
and show the resulting weighted stellar mass distributions
of the matched samples of centrals and satellites.
The mass-matching process consists of randomly choos-
ing a galaxy in each of the overdensity quartiles with stel-
lar mass close to a galaxy in the reference sample, for each
galaxy in the reference sample. The nominal absolute differ-
ence in the log(M∗/M⊙) values which we use to pair galax-
ies is 0.01, though this difference could be enlarged if no
suitable galaxy is found. The created samples of central or
satellite galaxies in a given quartile of overdensity are then
compared to their respective reference sample by compar-
ing their wCDFs of stellar mass. We consider the wCDFs of
stellar masses in the two samples to be matched if the ab-
solute normalised difference between the two wCDFs at any
Figure A2. Weighted cumulative distribution functions of stel-
lar mass in the samples of mass-matched centrals. The top and
bottom panels are for 0.1 < z < 0.4 and 0.4 < z < 0.7, re-
spectively. Different curves are constructed from the samples of
centrals in the four quartiles of overdensity distribution defined
by the central galaxies in a given redshift bin.
Figure A3. Weighted cumulative distribution functions of stel-
lar mass in the samples of mass-matched satellites. The top and
bottom panels are for 0.1 < z < 0.4 and 0.4 < z < 0.7, re-
spectively. Different curves are constructed from the samples of
satellites in the four quartiles of overdensity distribution defined
by the satellite galaxies in a given redshift bin.
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percentile is less than 0.01 (see Kauffmann et al. 2004 for
a similar approach in comparing distributions). We use for
normalisation the range in mass corresponding to the 1-99%
interval of the wCDF in the reference sample. In practice,
we measure the differences at 99 points equally distributed
between 1 and 99% of the wCDF in the reference sample.
If the distributions are not matched according to our crite-
ria we discard the matched sample and redo the matching.
We repeat the process until we have produced 20 samples
matched according to the outlined criteria in each overden-
sity and redshift bin. The resulting wCDFs of stellar mass
of the mass-matched central and satellite galaxies are shown
in Figures A2 and A3, respectively.
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